INTRODUCTION
Fibroblast growth factors (FGFs) are expressed in almost every tissue of a variety of multicellular organisms (Coumoul and Deng, 2003) . Prototypes of this family are the acidic and basic FGFs (FGF-1 and -2, respectively), which participate in diverse cellular processes such as chemotaxis, cell migration, differentiation, motility, and cell survival (Bö ttcher and Niehrs, 2005) . The efficacy of the FGF-FGF receptor (FGFR) complexes activation is determined by the receptor's affinity constant and is regulated by heparan sulfate proteoglycans (Itoh and Ornitz, 2004) . Moreover, many FGF induced effects are cell type-dependent and can be explained, at least in part, by differences in the engaged signal transduction pathways (Dailey et al., 2005) . Differences in cellular responses to FGFs might also be explained by transactivation of other receptors or ion channels (Mergler et al., 2003; Dailey et al., 2005; Fiorio et al., 2005) . The functional consequences of a membrane receptor transactivation will depend on the extracellular concentration of its ligand and efficiency of the coupled transduction pathway. But, if transactivation occurs at a membrane channel level the effects will depend to a great extent on the channel permeability properties. Channel types affected by a member of the FGFs family (FGF-2) include connexin (Cx) hemichannels (HCs) (De Vuyst et al., 2007) .
Cx HCs are hexameric pores permeable to ions and small molecules located at unopposed plasma membrane of most vertebrate cells . Under resting conditions, Cx43 HCs present a low open probability believed to result from the blocking effect of extracellular Ca 2ϩ and Mg 2ϩ (Contreras et al., 2003) . Thus, reducing the extracellular divalent cations concentration has been useful to detect changes in cell membrane permeability elicited by extracellular ligands, such as sphingosine 1-phosphate (Squecco et al., 2006) and FGF-2 (De Vuyst et al., 2007) . Nonetheless, elevated HC activity induced by an endogenous ligand in the presence of physiological concentrations of divalent cations remains unknown. Because enhanced membrane permeability to small molecules could result from opening of other channel types beside Cx HCs (Meyers et al., 2003; Bao et al., 2004a; Pelegrin and Surprenant, 2006) , demonstration of the channel molecular identity is relevant. This difficulty can be overcome using complementary experimental paradigms including 1) cells deficient in a particular channel type, 2) reconstituted systems, 3) pharmacological approaches, and 4) electrophysiological characterization of the membrane currents.
Here, we show that FGF-1 induces a transient increase in plasma membrane permeability via Cx HCs in Cx43 and Cx45 but not Cx26 expressing HeLa cells under physiological extracellular Ca 2ϩ /Mg 2ϩ concentrations. The mechanism involves an increase in HC activity and surface HCs levels that require an early free intracellular Ca 2ϩ concen- tration ([Ca 2ϩ ] i ) increase, activation of a p38 MAP kinasedependent pathway, and a regulatory site located in the C-terminus of Cx subunits. In FGF-1-responsive cells a late increase in [Ca 2ϩ ] i also occurred and was likely due to HC-mediated Ca 2ϩ influx. The cell density of Cx26 and Cx43 HeLa transfectants cultured in serum-free medium was differentially affected by FGF-1. Thus, the Cx HC composition determines the FGF-1 effects on the cell membrane permeability and contributes to downstream cellular responses.
MATERIALS AND METHODS

Reagents
Previously characterized polyclonal Cx43 and Cx45 antibodies were used (González et al., 2002; Corvalán et al., 2007) . An mAb directed against the cytoplasmic loop of Cx26 was used (13.8100: Zymed Laboratories, South San Francisco, CA). Monoclonal anti-phosphorylated ERK antibodies (pErK) were from Santa Cruz Biotechnology (E4: Santa Cruz, CA). A rabbit polyclonal antibody directed to the hemagglutinin sequence conjugated to the C-terminus of Cx43⌬257 was used (71-5500: Zymed Laboratories). SuperSignal kit for ECL detection, polyclonal goat anti-rabbit antibody conjugated to horseradish peroxidase, Sulfo-NHS-SS-biotin, and NeutrAvidin immobilized on agarose beads were from Pierce (Rockford, IL). Ethidium bromide and Lucifer Yellow (LY) were obtained from Sigma-Aldrich (St. Louis, MO). Human recombinant acidic fibroblast growth factor (FGF-1), basic fibroblast growth factor (FGF-2), 4-bromo-A23187 (4-Br-A23187) was purchased from Sigma. BAPTA-AM and Fura 2-AM were from Molecular Probes (Eugene, OR).
Drugs and Stock Solutions
The composition of the Hanks' balanced salt solution (HBSS) contained (in mM) 137 NaCl, 5 KCl, 0.95 CaCl 2 , 0.5 MgCl 2 , 0.4 KH 2 PO 4 , 0.4 MgSO 4 , 4 NaHCO 3 , 0.3 NaH 2 PO 4 , and 5 glucose, pH 7.4. The recording solution contained (in mM) 154 NaCl, 5.4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 glucose, and 5 HEPES, pH 7.4.
The ethidium (Etd) used for dye uptake experiments was prepared as 25 mM stock solution in water and diluted to 5 M final concentration in recording solution before applying it to cells. A 500ϫ 18␤-glycyrrhetinic acid stock solution was prepared in ethanol. LaCl 3 , oxidized ATP (oATP), and capsazepine (Czp) were dissolved in recording solution at 100ϫ of the final concentration. BAPTA-AM and Fura 2-AM were prepared in DMSO as 1000ϫ stock solution. 4-Br-A23187 was prepared as 10,000ϫ stock solution in ethanol. All stock solutions, dilutions to final concentrations and recording solutions were prepared in sterile, filtered water (W3500; Sigma-Aldrich).
HeLa Cell Cultures
Previously described parental HeLa cells (CCL-2, ATCC, Rockville, MD) or HeLa cells stably transfected with mouse Cx26 (HeLa-Cx26), Cx43 (HeLaCx43), or Cx45 (HeLa-Cx45) cDNA (Elfgang et al., 1995) were kindly provided by Dr. Klaus Willecke (Bonn University, Germany). Experiments were also performed on previously described HeLa cells transfected with cDNAs encoding for mouse Cx43 with a enhanced green fluorescent protein (EGFP) attached to its C-terminus (Cx43EGFP). Cells expressing Cx43-EGFP were selected with neomycin (300 g/ml) and identified by their fluorescence emission at 530 nm as described (Contreras et al., 2003; Retamal et al., 2007a) . PCR was used to generate a variant of rat Cx43 truncated at amino acid 257 (Cx43⌬257) with the nine-amino acid influenza hemagglutinin (HA) tag appended to the carboxy terminus of the rat Cx43 cDNA. Forward primer: 5Јccaggatccccaccatgggtgactggagtgccttggggaag-3Ј and reverse primer: 5Ј-catgggcccttaagcgtagtctgggacgtcgtatgggtatgatgggctcagtgggccagt-3Ј were used. Cx43⌬257 cDNA was cloned between BamHI and ApaI restriction sites into pcDNA3.1 Hygromycin vector (Invitrogen, Carlsbad, CA). Parental HeLa cells (HeLa-parental) were transfected with lineal Cx43⌬257 vector and stable clones (HeLa-Cx43⌬257) were selected with hygromycin (100 g/ml) in culture medium. The expression of Cx43⌬257 was confirmed by indirect immunofluorescence using rabbit polyclonal antibody directed against the HA epitope tag. Because HeLa-parental and HeLa transfected with plasmid used for Cx transfections showed similar responses, the former were used as controls in most experiments. Cells were seeded onto plastic Petri dishes of 60-or 100-mm diameter (Nunclon, Roskilde, Denmark) or onto no. 1 sterile glass coverslips, placed on the bottom of plastic culture dishes (MarTek, Ashland, MA) and cultured in DMEM supplemented with 10% fetal bovine serum and kept at 37°C in a 5% CO 2 /95% air atmosphere at nearly 100% relative humidity.
The expression of Cxs in different HeLa cell transfectants was tested by indirect immunofluorescence. Cell cultures showing staining in Ͼ95% of the cells were used in all experiments.
Treatments with FGF-1
Cells treated with FGF-1 conjugated to heparin will be referred to treatment with FGF-1. Each FGF-1 aliquot was prepared 6 -8 h before the experiment. Final concentrations of FGF-1 and heparin were 10 -100 ng/ml and 5-50 IU/ml, respectively, to keep a constant ratio of 10 ng FGF-1:5 IU heparin per milliliter independent of the FGF concentration. For example, 1 l of FGF-1 stock solution (450 g/ml) was diluted to 10 g/ml by adding 44 l of 5000 IU/ml sodium heparin; this mixture represented a 1000ϫ FGF-1 solution. Subconfluent (Ͻ60%) 48 h serum-starved HeLa cell cultures were washed twice with recording solution and incubated in serum-free DMEM. In this medium, transfected or parental HeLa cells were treated for different time periods with FGF-1, heparin alone, or 1 l/ml PBS (Control condition) and incubated at 37°C within a cell culture incubator. ] i changes were monitored in cells plated on glass coverslips. Cells were ester-loaded for 45 min with Fura-2 (5 M) at 37°C, washed three times in recording solution, and then cells were left to stabilize at 37°C for 5 min before any fluorescence recording was performed. The experimental protocol for Ca 2ϩ imaging involved the acquisition every 20 s (emission at 510 nm), of an image pair of 340-and 380-nm excitation wavelengths using a 20ϫ water immersion objective and a filter switch. Offline analysis involved determination of pixels allocated to each cell. The average pixel value allocated to each cell obtained with excitation at each wavelength was corrected for background. Because of low excitation intensity, no bleaching was observed even when illuminating the cells over a few minutes. The ratio was obtained after dividing the 340-nm image by the 380-nm image on a pixel-by-pixel base (R ϭ F 340 nm /F 380 nm ). All measurements and data analyses were performed using the same microscope and software used for dye uptake experiments (see above).
Time-Lapse
Electrophysiology
Cells cultured on glass coverslips were placed onto an experimental chamber mounted on the stage of an inverted Olympus IX-51 microscope. For whole cell experiments bath solution contained (in mM) 140 NaCl, 5.4 KCl, 1 MgCl 2 , 1.8 CaCl 2 , 2 BaCl 2 , and 10 HEPES, pH 7.4. The pipette solution contained (in mM) 130 CsCl, 10 AspNa, 0.26 CaCl 2 , 1 MgCl 2 , 2 EGTA, 7 TEA-Cl, and 5 HEPES, pH 7.2. Whole cell currents were recorded as described (Contreras et al., 2003) . Briefly, patch electrodes were fabricated from borosilicate glass capillaries using a Flaming/Brown micropipette puller (P-87, Sutter Instruments, Union City, CA). The tip resistance was 5-10 M⍀ when filled with pipette solution. Currents were filtered at 1 kHz and sampled at 5 kHz. Then, records were filtered with a digital low pass filter of 0.5 kHz. Data acquisition and analysis were performed using pClamp 9 (Axon Instruments, Novato, CA).
Dye Transfer
The intercellular communication via gap junctions between HeLa cells was evaluated in subconfluent cultures (ϳ85%) by iontophoretic injection into one cell of 5% wt/vol LY (MW ϭ 457.24, Ϫ1) in 150 mM LiCl through glass microelectrodes as described previously (Corvalán et al., 2007) . Briefly, coverslips containing cells were placed in a perfusion chamber and visualized in an inverted microscope (TE 200; Nikon, Melville, NY) equipped with xenon arc lamp and filters for LY (excitation wavelength 450 -490 nm; emission wavelength above 520 nm). After 1 min of dye injection, surrounding cells were examined to determine whether dye transfer occurred. The incidence of dye coupling was calculated as the percentage of cases in which the dye transferred to at least one adjacent cell, and the number of cells to which dye spread was determined and expressed as the index of dye coupling. In all experiments the incidence of dye coupling was evaluated by injecting a minimum of 10 cells.
Immunoblots
Cell cultures were rinsed twice with HBSS (see above), harvested by scraping with a rubber policeman, and sonicated with a Microson Sonicator ultrasonic homogenizer (Misonix, Farmingdale, NY) on ice in 50 l lysis buffer containing protease (200 g/ml soybean trypsin inhibitor, 1 mg/ml benzamidine, 1 mg/ml -aminocaproic acid, and 2 mM PMSF) and phosphatase (20 mM Na 4 P 2 O 7 and 100 mM NaF) Inhibitors. Protein levels of cell lysates were measured with the Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA). Afterward, samples were analyzed by immunoblotting. Briefly, aliquots of cell lysates (80 g of protein) or total biotinylated surface membrane proteins were resuspended in 1ϫ Laemmli sample buffer, separated on 8 -12% SDS-PAGE, and electro-transferred to nitrocellulose sheets. Nonspecific protein binding was blocked by incubation of nitrocellulose sheets in 5% nonfat milk in PBS for 60 min, and then blots were incubated with primary polyclonal anti-Cx43, anti-Cx45, or anti-HA antibody or with monoclonal anti-pERK antibody overnight at 4°C, followed by six 20-min phosphatebuffered saline (PBS) washes. Each primary antibody was diluted in 5% nonfat milk in PBS. Depending on the primary antibody used, blots were incubated with goat anti-rabbit or -mouse secondary antibody conjugated to horseradish peroxidase (1:5000 in 5% nonfat milk in PBS). Antigen-antibody complexes were detected by ECL using the SuperSignal kit according to the manufacturer's instructions. Resulting immunoblot signals were scanned and densitometric analyses were performed using the Scion Image software (Scion, Frederick, MD).
Surface Protein Biotinylation
Cell cultures seeded in 100-mm culture dishes were washed three times with HBSS containing 1 mM CaCl 2 (HBSS-Ca 2ϩ ). Then, 3 ml of Sulfo-NHS-SSbiotin (0.5 mg/ml HBSS-Ca 2ϩ ) was added to each dish and incubated for 30 min at 4°C. Cells were then washed three times with HBSS-Ca 2ϩ solution containing 15 mM glycine, pH 8.0, to quench unreacted biotin. Afterward, cells were harvested by scraping with a rubber policeman in the presence of protease and phosphatase inhibitors (as for immunoblots) and centrifuged at 14,000 rpm for 2 min at 4°C. Pellets were resuspended in 50 l lysis buffer, placed on ice, and lysed by sonication as described above. The immobilized NeutrAvidin was added to each sample (1 l of NeutrAvidin per 3 g of biotinylated protein, assuming that 40% of total membrane protein was biotinylated), and the mixture was maintained for 1 h at 4°C. Then, 1 ml of binding buffer (HBSS-Ca 2ϩ , pH 7.2, plus 0.1% SDS and 1% NP-40) was added, mixed by soft vortex, and centrifuged for 2 min at 14,000 rpm at 4°C, and the supernatant was discarded. The wash procedure described before was repeated three times. In the last wash, the supernatant was removed and 40 l of HBSS-Ca 2ϩ , pH 2.8, plus 0.1 M glycine was added, mixed gently, and centrifuged at 14,000 rpm for 2 min at 4°C. The supernatant was removed and placed in a 1.5-ml Eppendorf tube, and pH was adjusted to 7.4 immediately by adding 10 l of 1 M Tris, pH 7.4. Finally, samples were mixed with 4ϫ Laemmli buffer, resolved by SDS-PAGE, and subjected to Western blot analysis. Relative levels of Cxs were determined by densitometry as described above for immunoblots.
Statistical Analysis
Data are presented as means Ϯ SEM; n expresses the number of independent experiments. Means for each group were compared using a nonparametric Mann-Whitney test for continuous variables and a U-test for nonpaired variables. Differences between proportions were assessed using descriptive statistics. Differences were considered significant at p Ͻ 0.05. Statistics were performed using Microsoft Excel and the Graph Pad Prism 4.0 (2003, San Diego, CA) software.
RESULTS
FGF-1 Increases the Etd Uptake Rate of HeLa-Cx43 Cells in the Presence of Physiological Concentrations of Extracellular Divalent Cations
Recently, FGF-2 was demonstrated to affect the ATP release through HCs triggered by the removal of extracellular Ca 2ϩ /Mg 2ϩ in a cell-and Cx-dependent manner (De Vuyst et al., 2007) . Nonetheless, the possible effect of other members of the FGF family on the HCs mediated membrane permeability, both in the presence and absence of extracellular divalent cations remains unknown.
In the present work, we studied the effect of FGF-1 on the functional state of Cx43 HCs by evaluating the La 3ϩ -sensitive Etd uptake, as described (Contreras et al., 2002; . Consistent with a very low or lack of HC expression, the Etd uptake rate of parental HeLa cells (HeLa-parental) in the absence or presence of extracellular divalent cations was similarly low and was insensitive to La 3ϩ ( Figure 1 ), a Cx HC blocker (Retamal et al., 2007b) . In agreement with the inhibitory effect of extracellular divalent cations, HeLa cells transfected with Cx43 (HeLa-Cx43) bathed with a solution containing Ca 2ϩ /Mg 2ϩ showed an Etd uptake rate similar to HeLa-parental ( Figure 1 ). Although in HeLa-Cx43 immersed in a Ca 2ϩ /Mg 2ϩ -free solution, the dye uptake rate was ϳ2.5-fold higher than in the presence of extracellular divalent cations and was sensitive to La 3ϩ ( Figure 1 ). Because FGF-1 requires the presence of heparan sulfate proteoglycans to interact with its receptor (Itoh and Ornitz, 2004) , a heparin-containing solution was used to dilute and deliver FGF-1 to cells. In the presence of normal extracellular Ca 2ϩ /Mg 2ϩ 10 IU/ml heparin ( Figure 2A ) did not affect the Etd uptake rate in HeLa-Cx43 or -parental and the basal Etd uptake rate was comparable to that of HeLa-Cx43 under control conditions (Figure 1 ). Addition of 200 M La 3ϩ did not affect the dye uptake rate both in parental and Cx43-transfected HeLa cells treated with heparin ( Figure 2A ). Nonetheless, FGF-1 conjugated to heparin (termed from now and on as FGF-1) increased the Etd uptake rate in Hela-Cx43 but not in parental cells, and the increase was prominently inhibited with La 3ϩ ( Figure 2A ). Thus, the FGF-1-induced cell permeabilization depends on Cx43 expression.
The FGF-1-induced increase in the Etd uptake rate of HeLa-Cx43 was time-( Figure 2B ) and concentration-dependent ( Figure 2C ). In cells incubated with 20 ng/ml FGF-1, the effect was evident between 4 and 14 h, being maximal at 7 h ( Figure 2B ). No significant differences with control cells were found in Ͻ4 h or at 24 h of FGF-1 incubation, indicating that the effect is transient. In cells treated for 7 h with different FGF-1 concentrations (1-100 ng/ml), changes in dye uptake rate resulted in a bell-shaped concentrationresponse curve ( Figure 2C ). After 7 h of treatment with 10 or 20 ng/ml FGF-1, HeLa-Cx43 showed a significant increase in Etd uptake rate ( Figure 2C ), whereas higher concentrations (50 or 100 ng/ml) were ineffective (p Ͼ 0.05). The decline of the concentration-response curve may be due to a ligandinduced desensitization as described for other tyrosine kinase dimeric receptors (Matveev and Smart, 2002) , and the transitory effect of FGF-1 (4 -14 h) might be related to the half-life of FGF-1 conjugated with heparin in culture (Zakrzewska et al., 2005) as well as to receptor down-regulation (Zhan et al., 1993) . Permeabilization of spinal astrocytes induced by FGF-1 has been communicated (Garré et al., 2006) and might be related to the above results.
The FGF-1-induced Increase in Etd Uptake Is Sensitive to HC Blockers
To further identify the pathway through which FGF-1 increases the membrane permeability, a pharmacological criterion was applied. The rise in Etd uptake rate observed 7 h after FGF-1 application was significantly inhibited with 200 M La 3ϩ (Figure 3, A and B) or 50 M 18-␤-glycyrrhetinic acid ( Figure 3B ). Both HC blockers rapidly reduced the Etd uptake rate (Ͻ40 s) to a level similar to that of control HeLa-Cx43 ( Figure 3B ). On the contrary, the addition of La 3ϩ to HeLa-Cx43 treated for 7 h with PBS or heparin did not significantly affect the Etd uptake rate (Figure 3, A 
and B).
The Increase in Membrane Permeability to Etd Induced by FGF-1 Is Not Mediated by P2X 7 Receptors, TRPV1 Channels, or Pannexin1 HCs Because other membrane channels, such as P2X 7 purinergic receptors (Cario-Toumaniantz et al., 1998) and the vainilloid transient receptor potential channel 1 (TRPV1; Meyers et al., 2003) , can mediate the transmembrane passage of small molecules such as Etd, it was important to study their possible involvement in the FGF-1-induced membrane permeability response. Thus, we studied the effect of oATP, a P2X receptor antagonist (North, 2002) or Czp, a TRPV1 inhibitor (Karai et al., 2004) , on the Etd uptake rate of HeLa-Cx43 treated for 7 h with 20 ng/ml FGF-1. Neither oATP ( Figure  3B ) nor Czp ( Figure 3B) searched for the presence of Px1 in HeLa cells. In contrast to a recent report that Px1 is not present in untransfected HeLa cells (Huang et al., 2007) , Px1 was detected in both HeLaparental and -Cx43 either by immunofluorescence and Western blot analysis (Supplemental Material). Nevertheless, the possible involvement of functional Px1 HCs was unlikely because the FGF-1-induced permeabilization response was Cx expression-dependent and was La 3ϩ sensitive ( Figure  3B ), a feature not shared by Px1 HCs (Pelegrin and Surprenant, 2006) . To further rule out the involvement of functional Px HCs in the FGF-1-induced cell permeabilization, we used whole cell patch clamp recording to search for characteristic unitary current events (see below).
The Etd Uptake Correlates with Cx43 Expression in FGF-1-treated HeLa-Cx43EGFP
To further show that the Etd uptake induced by FGF-1 depends on Cx43 expression, we performed dye uptake experiments in HeLa-Cx43EGFP, previously shown to form functional HCs with properties similar to those composed of wild-type Cx43 (Contreras et al., 2003) . In these cells, a direct correlation between levels of Cx43EGFP protein (green fluorescent intensity) versus dye uptake (Etd) has been demonstrated (Contreras et al., 2003; Retamal et al., 2007a) . After 7-h treatment with 20 ng/ml FGF-1 the r 2 was 0.84, suggesting that the FGF-1-induced dye uptake increase might be limited by the levels of Cx expression (Figure 4 ).
FGF-1 Increases the Etd Uptake and HC Unitary Current Events in HeLa-Cx43EGFP
To demonstrate the identity of the membrane pathway through which FGF-1 increases the membrane permeability of HeLa transfectants, we used the whole cell voltage-clamp technique.
In cells expressing similar Cx43EGFP fluorescence intensity levels, rectangular voltage pulses from 0 mV to ϩ85 mV (5-s duration) evoked unitary current events that were more numerous and presented a much shorter (about ninefold) "on time" (latency) in FGF-1-treated than in control cells ( Figure 5A, upward arrow heads, and B, left graph) . Then, the membrane was brought to Ϫ20 mV, evoking a tail current with unitary events with longer (about threefold) "off time" (proportional to the open time) in FGF-1-treated than control cells ( Figure 5A , downward arrow heads, and 5B, left graph). In both control (Contreras et al., 2003) and FGF-1-treated cells ( Figure 5A , bottom trace) the application of La 3ϩ completely abrogated the total current recorded at ϩ85 mV as well as the tail current evoked by the transition from ϩ85 to Ϫ20 mV. Moreover, voltage ramps from Ϫ110 mV to ϩ110 mV evoked brief transitions likely to be unitary events at negative potentials and large increases in current with numerous discrete transitions at positive voltages ( Figure  5C ). At V ϭ 0 mV the current value was zero ( Figure 5C ), characteristic of a nonselective membrane channel such as Cx or Px HCs (Contreras et al., 2003; Bao et al., 2004a) .
The tail current generated with a step from ϩ 85 mV to Ϫ20 mV presented unitary events with similar single-channel conductances ( Figure 5D ). Amplification of the tail current traces revealed transitions corresponding to unitary conductances of ϳ220 pS or multiples ( Figure 5D ), previously demonstrated as Cx43 HCs (Contreras et al., 2003) and different from Px1 HCs (475-550 pS; Bao et al., 2004a) . The conductance values of the unitary current events recorded in FGF-1-treated cells did not differ from those measured in control cells ( Figure 5D ). In 10 independent experiments only unitary events of ϳ220 pS or multiples were recorded both at negative and positive potentials. Similar values were recorded in control or FGF-1-treated HeLa-Cx43 ( Figure 5D ), indicating that Cx43 HCs were the only pathway for Etd uptake.
The effect of FGF-1 on gap junctions expressed in HeLa transfectants was unknown. Hence, we tested its effect on the intercellular diffusion of LY in HeLa-Cx43. Dye transfer occurred in ϳ100% of the LY-injected HeLa-Cx43 and was completely and rapidly (Ͻ5 min) abolished with 1 mM octanol and absent in HeLa-parental (Supplemental Material). Treatment with 20 ng/ml FGF-1 for 7 h significantly reduced the incidence (41 Ϯ 15% reduction of control, p Ͻ (Reimers et al., 2000) known to express Cxs 29 and 32 (Nagy et al., 2004) and in HeLa-Cx43 as shown herein, but increases it in chicken DCDML lens cells expressing Cxs 43, 46, and 50 (Le and Musil, 2001) .
The opposite effects of FGF-1 on dye uptake and intercellular dye transfer might be a consequence of differences in type and levels and/or activity of regulatory molecules present at the intracellular compartment of each membrane channel. Alternatively, different spatial conformation of Cx forming HCs and gap junction channels might influence their interactions with specific cytoplasm regulatory molecules. Similar mechanisms might be involved in the opposite regulation of HCs and gap junction channels by increases in [Ca 2ϩ ] i and the effects of proinflammatory mediators and metabolic inhibition (Contreras et al., 2002; Peracchia, 2004; De Vuyst et al., 2006 , 2007 Retamal et al., 2007c) . But, the above is not common to all Cx channel regulatory mechanisms, ,since the activity of both channel types is reduced by PKC-or MAP kinase-dependent phosphorylation (Kim et al., 1999; Bao et al., 2004b; Warn-Cramer and Lau, 2004) .
The Effect of FGF-1 on Etd Uptake Is Not Restricted to Cx43 HCs and Requires a Regulatory Site Located in the Cx C-Terminal Tail
The carboxy terminus is the most variable domain of Cxs in terms of length and primary sequence and is predicted to be involved in regulatory mechanisms of Cx-based channels . Cx43 presents several phosphorylation sites believed to be important in controlling diverse events including channel assembly, degradation, insertion in the plasma membrane, interaction with scaffolding proteins, and gating Solan and Lampe, 2005) . To elucidate the possible involvement of Cx43 carboxy terminus in the FGF-1-induced cellular permeabilization, the effect of FGF-1 on the Etd uptake rate of HeLa cells transfected with Cx43 truncated at aa 257 (HeLa-Cx43⌬257) was studied. Either FGF-1 or heparin alone did not increase the Etd uptake rate at 7-h treatment ( Figure 6A ). Dye uptake in HeLa-Cx43⌬257 under all conditions, including control, was slightly reduced after the addition of La 3ϩ , suggesting the presence of few functional HCs ( Figure 6A ).
Cx43 and Cx45 present a long carboxy terminus (155 and 150 aa, respectively) as compared with that of Cx26, which is only 18 aa long . HeLa-Cx45 but not HeLaCx26 treated with FGF-1 for 7 h showed a significant increase in Etd uptake rate ( Figure 6, C and B, respectively) . The effect of FGF-1 on HeLa-Cx45 was inhibited with 200 M La 3ϩ ( Figure 6C ) or 50 M 18␤-GA (p Ͻ 0.05, n ϭ 3, 60 cells), but not with 300 M oATP or 10 M Czp (p Ͼ 0.05, n ϭ 3, 60 cells, respectively; not shown). Thus, the FGF-1-induced membrane permeabilization is not restricted to cells expressing Cx43 HCs and requires a regulatory site located in the C-terminus of Cx43 and 45 but absent in Cx26.
To rule out that the lack of FGF-1 effect on HeLa-Cx26 and -Cx43⌬257 was due to the absence of surface HCs, cells were exposed to a divalent cation-free solution to induce HC opening (Evans et al., 2006) . The exposure to a Ca 2ϩ /Mg 2ϩ - free solution rapidly (Ͻ1 min) increased the Etd uptake in cells transfected with either Cx43⌬257 or Cx26, and the response was sensitive to La 3ϩ (insets in Figure 6 , A and B, respectively), indicating that both transfectants presented HCs at their surfaces.
The FGF-1 Insensitivity of HeLa-Cx43⌬257 and -Cx26 Is Not Due to Lack of Receptor-dependent Responses
The retroviral delivery of Cx43 or Cx26 reduces the expression of the FGFR3 in human breast cancer cells (Qin et al., 2002) , and this receptor is expressed in HeLa cells and transduces FGF-1-evoked responses (Scotet and Houssaint, 1995; Itoh and Ornitz, 2004) . Thus, the possibility that differences in dye uptake rate responses to FGF-1 observed in HeLa cells transfected with a Cx type carrying a long or a short C-terminus were due to changes in FGF-1 responsiveness required to be discarded. To this end, HeLa-parental or transfected with Cxs 26, 43, 43⌬257, and 45 were treated for 30 min or 7 h with either FGF-1 or heparin, and levels of phosphorylated ERK (pERK), a known downstream target of the activated FGFRs (Klint and Claesson-Welsh, 1999) , were measured. At 30 min, levels of pERK were increased to a similar extent in all HeLa transfectants and at 7 h had returned to those of control cells ( Figure 6D ). After treatment with heparin for 30 min or 7 h the relative pERK levels were as in control cells (not shown). Hence, the lack of cellular permeabilization through HCs induced by FGF-1 in Cx26 or Cx43⌬257 transfectants was not due to altered FGF-1 responsiveness.
FGF-1 Increases the Cell Surface Levels of Cxs 43 and 45
The half-life of Cx43 ranges from 1.3-3.5 h , suggesting that changes in membrane permeability mediated by HCs might result from changes in Cx levels. An increase in surface Cx43 occurs in kidney cells under cytosolic stress (VanSlyke and Musil, 2005) and in cortical astrocytes under metabolic inhibition . In the latter the surface Cx43 levels are directly related to the increase in Etd uptake. In HeLa-Cx43 incubation with FGF-1 for different time periods during the development of the maximal dye uptake response (0 -7 h) induced a progressive increase in surface Cx43 levels ( Figure 7A ). At 7-h treatment FGF-1 but not heparin significantly increased the surface Cx43 levels ( Figure 7B ). Since the relatively long latency of the rise in dye uptake rate might be due to increased synthesis or reduced degradation of Cx, total Cx43 levels were measured. We found no significant increase (ϳ10%, p Ͼ 0.05) in total Cx43 levels ( Figure 7C ), suggesting the involvement of a different cellular mechanism. Surface and total Cx43 phosphorylation state, evidenced by the electrophoretic mobility changes, were not altered by FGF-1 treatment ( Figure 7 , B and C).
Surface Cx45 levels were also significantly increased by FGF-1 in HeLa-Cx45 transfectants ( Figure 7D ). Nevertheless, surface levels of truncated Cx43 were not affected by FGF-1 or heparin ( Figure 7E ) in HeLa-Cx43⌬257 transfectants. Surface detection of Cx43 and Cx43⌬257 with an antibody directed to a common epitope in the N-terminal domain showed no prominent differences in the basal surface Cx levels between the two transfectants (Supplemental Material), indicating that both cell types express comparable HCs levels. Therefore, the FGF-1-induced rise in Etd uptake occurs with a simultaneous increase in levels of surface HCs constituted of Cx types bearing a long carboxyl terminal tail. Biotinylation of surface proteins in HeLa-Cx26 (n ϭ 3) did not yield reproducible results due to variable formation of aggregates of different sizes.
Because activation of FGFRs is followed by a sustained elevation of the [Ca 2ϩ ] i in different cell types, including Cx43-expressing cells (Munaron, 2002) and elevated [Ca 2ϩ ] i might affect the distribution of Cxs located in intracellular compartments, we then evaluated the effect of FGF-1 on the [Ca 2ϩ ] i .
FGF-1 Induces a Late Increase in the [Ca 2؉ ] i , Which Depends on HC Cx Composition
FGFs are known to induce rapid (from seconds to minutes) elevation of the [Ca 2ϩ ] i through intracellular InsP 3 -activated receptors and membrane Ca 2ϩ channels (Munaron, 2002) . Nevertheless, levels of [Ca 2ϩ ] i at time periods in which the membrane permeability was increased by FGF-1 were unknown. Thus, we decided to study if changes in the FGF-1-induced increase in Etd uptake were associated with changes in [Ca 2ϩ ] i , HeLa-Cx43 were loaded with Fura-2AM and the 340/380-nm emission intensity ratio was measured every hour after treatment with the growth factor. The emission intensity ratio of FGF-1-treated cells was elevated 1 h after FGF-1 addition, but decayed to a value similar to that of control cells at 2 h ( Figure 8A ). After 4 h of FGF-1 incubation, the Fura-2 signal increased progressively, indicating that FGF-1 induced a rise in [Ca 2ϩ ] i over time ( Figure  8A ). After 7-h treatment with FGF-1 the 340/380-nm emission ratio of FGF-1-treated cells was close to twice that of control cells (dotted line in Figure 8, A and B) . FGF-1 did not affect the [Ca 2ϩ ] i in HeLa-Cx43 preloaded with 5 M BAPTA-AM ( Figure 8B ).
The Etd uptake rate increase of HeLa-Cx43 (cf. Figures 2A,  3B , and 8C) or HeLa-Cx45 (cf. Figures 6C and 8C ) unloaded or loaded with Fura-2 and treated with FGF-1 was similar, but it was almost completely abrogated with BAPTA-AM ( Figure 8C ). Under the latter condition, La 3ϩ did not further affect the Etd uptake rate in both HeLa-Cx43 and -Cx45 ( Figure 8C) . Thus, the rise in [Ca 2ϩ ] i and amino acid residues located in the C-terminus of Cxs 43 and 45 are essential for the FGF-1-induced membrane permeability increase mediated by HCs.
To elucidate whether the effect of FGF-1 on the late [Ca 2ϩ ] i in HeLa transfectants was Cx specific, the [Ca 2ϩ ] i was evaluated in the other HeLa transfectants. A significant increase in [Ca 2ϩ ] i occurred 7 h after FGF-1 application in HeLa-Cx45 ( Figure 8D ), although HeLa-Cx43⌬257 were unaffected and HeLa-Cx26 showed a small reduction in [Ca 2ϩ ] i after FGF-1 stimulation ( Figure 8D ).
The Ca
2؉ Ionophore 4-Br-A23187 Mimics the FGF-1 Effects Only on HeLa-Cx43 and -Cx45 Rises in [Ca 2ϩ ] i are known to enhance the Cx32 HC activity evaluated through the release of ATP . To determine if Cx43 HCs are affected in a similar way, we studied the effect of a Ca 2ϩ ionophore on the membrane permeability to Etd. The application of 2.5 M 4-Br-A23187 induced a progressive and similar rise in [Ca 2ϩ ] i in parental and Cx-transfected HeLa cells ( Figure 9A ). The 4-Br-A23187 application prominently increased the La 3ϩ -sensitive dye uptake rate in HeLa-Cx43 ( Figure 9B ) and HeLa-Cx45 (Figure 9B) . Nevertheless, the Etd uptake rate was not affected by 4-Br-A23187 and remained insensitive to La 3ϩ in HeLaparental, Cx43⌬257 and -Cx26 ( Figure 9B ).
Treatment with 4-Br-A23187 for 40 min also increased the Cx43 and Cx45 but not Cx43⌬257 HC levels ( Figure 9C ). The increase in surface levels of Cxs occurred without changes in phosphorylation state detectable as electrophoretic mobility shifts of either Cx43 or Cx45. Consequently, the 4-Br-A23187 induced rise in [Ca 2ϩ ] i and cellular permeabilization through Cx43 or Cx45 HCs are directly related to increased levels of surface HCs. In addition, incubation of HeLa-Cx43 with BAPTA fully prevented the increase in surface Cx43 levels induced by FGF-1 (Figure 9D ), indicating that FGF-1 acts through increased [Ca 2ϩ ] i to augment the HC levels in responsive cells.
Activation of a p38 MAP Kinase-dependent Pathway
Mediates the FGF-1 and Ca 2؉ Ionophore-induced Cell Permeabilization Rises in [Ca 2ϩ ] i through different sources are known to activate p38 MAP kinase in diverse cell types (Sakai et al., 2002; Hsu et al., 2007) . Moreover, treatment with 4-Br-A23187 activates p38 MAP kinase (Tokuda et al., 2000) , which has been recently shown to be involved in cell permeabilization mediated by Cx43 HCs (Retamal et al., 2007c) . Therefore, the effect of SB202190, a p38 MAP kinase inhibitor (Lee et al., 1994) , on the FGF-1-or Ca 2ϩ ionophore-induced cell permeabilization responses were studied. Incubation of HeLa-Cx43 with 10 M SB202190 for 30 min prominently reduced the induced increase in Etd uptake rate (Supplemental Material), indicating that p38 MAP kinase pathway activation is required for cellular permeabilization mediated by Cx43 HCs in cells treated either with FGF-1 or Ca 2ϩ ionophore.
The Expression of Cx26 and Cx43 Differentially Affect the Cell Density in Response to Serum-Free Medium or FGF-1
To study whether the expression of different Cxs affects the cell density, subconfluent parental, Cx26-or Cx43-transfected HeLa cells were cultured in serum-free medium for 96 h or in serum-free medium for 48 h and then treated with FGF-1 or heparin in a serum-free medium for additional 48 h. After each treatment, cells were counted, and the number was normalized against the initial value. Parental and Cx26-transfected HeLa cells cultured in serum-free medium with or without heparin showed a reduction in cell density (Figure 10 ). In contrast, both cell types treated with FGF-1 showed a prominent increase in cell density ( Figure  10 ). However, both conditions did not affect the cell density of HeLa-Cx43 (Figure 10 ).
DISCUSSION
Here, we show that FGF-1 increases in membrane permeability of HeLa cells through HCs composed of specific Cx types in the presence of physiological extracellular Ca 2ϩ / Mg 2ϩ concentrations, because 1) the effect occurs in cells transfected with Cxs 43 or 45, but not in cells transfected with Cxs 26 or 43⌬257; 2) the increase in membrane permeability is sensitive to HC blockers but not to inhibitors of other possible Etd uptake pathways; 3) the increase in Etd uptake correlates directly with elevated activity of HC unitary current events and increased levels of Cxs at the cell surface; and 4) the rise in membrane permeability is also associated with a late increase in [Ca 2ϩ ] i , in a Cx typedependent manner.
The involvement of Cx HCs as the only pathway mediating the Etd uptake in response to FGF-1 in our model was supported by the lack of effect of blockers of other Etd uptake pathways. In addition, the FGF-1-induced permeabilization response was rapidly and completely inhibited by two Cx HC blockers, La 3ϩ and 18␤-GA. Moreover, HeLaCx43EGFP presented a single type of unitary current events corresponding to Cx HCs that was also completely inhibited by La 3ϩ as described previously (Contreras et al., 2003) . The low Etd uptake rate and insensitivity to HC blockers of HeLa-Cx43 under resting conditions can be explained by the low HC open probability described previously (Contreras et al., 2003) . A similar explanation might also apply to the other studied HeLa transfectants. On the contrary, a Cx-dependent increase in membrane permeability occurred in HeLa cells treated for several hours with FGF-1. These findings are different from the effect of FGF-2 on HC-mediated ATP release to the extracellular medium (De Vuyst et al., 2007) . Although the effect of FGF-2 on the ATP release via Cx43 and Cx26 or Cx43 with a truncated C-terminus is opposite (De Vuyst et al., 2007) , FGF-1 enhanced the membrane permeability in Cx43 and Cx45 transfectants but was without effect on Cx26 or Cx43 with a truncated C-terminus. Differences in FGF-1-and -2-induced effects on HC-dependent responses might be explained by differences in FGFRs and downstream pathways (Dailey et al., 2005) .
The FGF-1-induced cellular permeabilization through Cx43 HCs can be fully explained by the rise in surface HC levels, because both the average dye uptake and levels of surface HCs increased about twofold. This observation suggests that HCs of FGF-1-treated cells presented permeability properties comparable to those of control HeLa-Cx43. In support of this interpretation, the HC unitary conductance of control and FGF-1-treated cells was the same. Consistent with the increase in HC levels, a total current increase of about threefold was observed, which was also reflected in higher open probability (shorter "on time") and the longer open time (longer "off time") of HCs recorded in FGF-1-treated cells. This increase in HC activity explains the FGF-1-induced cellular permeabilization. The increase Cx43 HC levels occurred without changes in total Cx43 protein, suggesting redistribution of HCs rather than changes in Cx43 turnover as possible mechanism associated with the increase in dye uptake response.
Because an approximately twofold increase of both dye uptake rate and surface HC levels also occurred in FGF-1-treated HeLa-Cx45, the above mechanisms might also explain the permeabilization response in these cells. In HeLaCx43 and -Cx45 the permeabilization response was related to regulatory sequences located in their C-terminal domain, as indicated by the lack of response to FGF-1 in HeLa cells transfected with Cx types carrying a short C-terminal tail, Cx26 and Cx43⌬257. The lack of response of these two transfectants was not due to the absence of HCs at the surface because similar levels of Cx43 and Cx43⌬257 were detected at the cells surface, and HeLa-Cx26 and -Cx43⌬257 showed a rapid increase in membrane permeability when exposed to a Ca 2ϩ /Mg 2ϩ -free solution. Moreover, the absence of FGF-1-induced responses of HeLa-Cx26 and -Cx43⌬257 was unrelated to a deficient FGF-1 transduction because the 42/44 kDa MAP kinases were phosphorylated to a similar level as that in FGF-1-sensitive HeLa transfectants. Although several other cytoplasmic proteins (e.g., scaffolding proteins and calmodulin) interact with the carboxy terminus of Cxs 43 and 45 (Singh and Lampe, 2003; Laing et al., 2005) , it is unknown whether they interact with Cx HCs. Therefore, the FGF-1-induced cellular permeabilization was Cx specific and requires the interaction with cytoplasmic regulatory sites in the Cx C-terminal domain.
A rise in [Ca 2ϩ ] i was required for the cellular permeabilization, and the HC levels increase induced by FGF-1. In support to this notion, the intracellular Ca 2ϩ chelator abrogated both responses and they were mimicked with the Ca 2ϩ ionophore. Moreover, the Ca 2ϩ ionophore increased the Etd uptake rate only on HeLa transfected with Cxs 43 or 45, demonstrating a direct relationship between the Cx composition of HCs and the increase in [Ca 2ϩ ] i . The Ca 2ϩ ionophore effect is most likely related to the early rise in [Ca 2ϩ ] i after activation of FGFRs in different cell types (Munaron, 2002) and might be linked to the high level of Fura-2 signal detected 1 h after FGF-1 treatment. The involvement of intracellular regulatory mechanism in the FGF-1-elicited response on HeLa-Cx43 is supported by the prominent reduction in dye uptake rate increase induced with the p38 MAP kinase inhibitor. Moreover, the reduction in Ca 2ϩ ionophore-induced dye uptake with the p38 MAP kinase inhibitor suggests that activation of this kinase is upstream the rise in [Ca 2ϩ ] i . The stimulation of HeLa-Cx43 or -Cx45 with 4-Br-A23187 for only 30 min induced a faster and more pronounced rise in Etd uptake and levels of surface Cx than FGF-1. Both parameters also maintained a close association (Figure 9 , B and C), suggesting the involvement of the same mechanism underlying the cellular responses induced by FGF-1 and the Ca 2ϩ ionophore. These findings also indicate that the cellular permeabilization response can be elicited with a much faster time course than that induced by FGF-1. The response is possibly limited by the kinetic of the rise in [Ca 2ϩ ] i , and mechanisms engaged in enhancing the surface levels of Cx including interactions of cytoplasmic molecules and specific regulatory sites located in the Cx C-terminus. (Bradshaw et al., 1993; Koffler et al., 2000; Qin et al., 2002) . In agreement, the cell density of subconfluent HeLa-Cx26 but not HeLa-Cx43 was reduced in serum-free medium. Moreover, these two transfectants responded differentially to FGF-1, indicating that the outcome of the growth factor stimulation on HeLa cells might be influenced by the Cx HC composition. Nevertheless, final demonstration of this conclusion will require rapid and selective manipulation of Cx expression and the availability of specific HC or gap junction channel blockers to attribute the results to one or the other channel type.
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